A mutation in polyoma virus strain 3049 which results in the overproduction of capsid proteins has been mapped to the late region of the genome between tl'-HindlIl site at 45.0 map units and the BamHI site at 58.6 map units. This regior contains the coding sequence for VP3 and a portion of VP2, but does not include the late promoters or the coding sequence for the late leaders. The possible role of VP2 or VP3 in the regulation of genetic expression in polyoma virus is discussed.
A mutation in polyoma virus strain 3049 which results in the overproduction of capsid proteins has been mapped to the late region of the genome between tl'-HindlIl site at 45.0 map units and the BamHI site at 58.6 map units. This regior contains the coding sequence for VP3 and a portion of VP2, but does not include the late promoters or the coding sequence for the late leaders. The possible role of VP2 or VP3 in the regulation of genetic expression in polyoma virus is discussed.
Several approaches are required to study the complex mechanisms by which eucaryotic organisms regulate the expression of genetic information. One such approach has been to study gene regulation in a simple genome, such as that of the smaller DNA viruses which depend entirely on the host for the enzymes that carry out transcription and post-transcriptional processing of mRNA. We have investigated the mechanism by which a strain of polyoma virus (3049) overproduces capsid protein giving rise to a visually recognizable phenotype, cyc, in which these proteins are overproduced and accumulate in the cytoplasm of infected cells (16, 27) . Cells infected with this virus also display increased quantities of mRNA late in infection (23, 24) at a time when the replication of viral DNA and the quantity of viral transcription complexes extracted in Sarkosyl (4) are similar to those in cells infected with the wild-type virus (2) .
To provide further insight into the mechanism of the altered expression of late genes, we have mapped the cyc mutation by constructing recombinant viral genomes containing specific restriction fragments derived from 3049 and a wild-type strain. The mutation has been mapped to a segment of the late region between the Hindlll site at 45.0 and the BamHI site at 58.6 map units which codes for VP2 and VP3. The function of these two virion proteins is as yet unclear, but they have been implicated in the regulation of late simian virus 40 transcription through an attenuation mechanism (20 described previously (14, 15, 27) . Strain A2 (12, 26) was received from M. Fried. Viral DNA was prepared from BMK cell cultures infected for 48 to 72 h at a multiplicity of 1 PFU per cell. The DNA was extracted by the method of Hirt (17) and purified by equilibriumn centrifugation in cesium chloride density gra '"ents containirv ethidium bromide (200 ,ug/ml) (22 (8) and Csp (5) . Both lacked the HpaII fragment 1 of A2 (13) (12) . The DpnIl sites were determined for the 3049 and IpD strains by the exonuclease III-mapping technique (28) . The HaeIII fragments of strain 3049 were mapped by secondary cleavage of Hindlll and BamHI-EcoRI fragments purified from 1.2% agarose gels by electroelution (G. A. Wilson, personal communication) and modified to remove agarose impurities by passage over DEAE-cellulose (29) . The placement of many smaller fragments (13 through 21-2) is not precise as indicated by the question mark. The 3049 fragments 10-1 and 11-1 are in the 43.6% HindIII fragment. The DpnII fragments of 3049 and IpD were mapped by a procedure described by Thomas et al. (28) with exonuclease III. Viral DNA (13.5 ,ug) was linearized with either EcoRI or BamHI at 37°C in TMM buffer (6 mM MgCl2-6 mM 3-mercaptoethanol-6 mM Tris-hydrochloride [pH 7.5]). Exonuclease III (9 U; New England Biolabs) was added at time zero, and 4 U was added at 3-to 5-min intervals throughout the incubation period at 33°C. Samples (1.5 ,ug) taken at time intervals from 0 to 23 min were dispensed directly into tubes preincubated at 80°C and held for 15 min. The samples were then cooled, treated with DpnII, and separated on agarose gels. There was a sequential loss of fragments (data not shown) as a function of the time of exonuclease III digestion, which in turn defined the order of the fragments from the ends of the linearized molecule. Figure 1 shows the location of the DpnII sites in 3049 and IpD viruses which were identical. MgCl2-6 mM 3-mercaptoethanol-6 mM Tris-hydrochloride [pH 7.5]) and separated on an 8% acrylamide slab gel (40 cm by 20 cm by 3 mm) in modified TPE buffer (40 mM Tris-1 mM EDTA, adjusted to pH 7.7 with H3PO4) from 1,400 to 1,800 V-h. The IpD fragments are identified by numbers assigned to A2 fragments by Griffin (12) . The 3049 fragments having mobilities identical to those of the IpD strain were assigned the same arabic numeral. Unique 3049 fragments were assigned the arabic numeral of the nearest IpD fragment of larger size followed by a hyphen and a second numeral starting with 1. The largest 3049 fragment (I) was larger than the largest IpD fragment (1) [26] ).
Because the HaeIII sites in 3049 were significantly different from those in lpD, the positions of several HaeIII fragments of 3049 were determined by using standard mapping techniques, i.e., combined digestions and fragment isolation followed by subcleavage with HaeIII, and by the exonuclease III technique described here. The 3049 DNA contained a HaeIII fragment I which was larger than the lpD fragment 1. Cleavage with BglI reduced the size of fragment I but DpnII did not (data not shown). These data and size constraints place fragment I in the proximal early region and suggest that this results from the fusion of A2 fragments 2 and 18', both of which are missing from the 3049 HaeIII pattern. The HaeIII fragments around the BamHI site were also mapped by treating BamHI-linearized DNA with exonuclease III at 26°C for up to 6 min, followed by HaeIII digestion in the presence of 3 mM NaCI. The size of the HaeIII fragments is summarized in Fig. 2 The phenotype of each pair of recombinants was then determined several times in a doubleblind mode by using the indirect fluorescentantibody technique. The reciprocal recombinants within each group consistently displayed the opposite phenotype (Fig. 3) , whereas separate plaque isolates of each identical recombinant displayed the same phenotype. The genetic composition of the recombinants and each phenotype is shown in Fig. 4 (11) and overlaid with agar medium for plaque formation. Individual plaques were picked after 10 days and amplified in BMK cells. Viral DNA for restriction enzyme analysis was prepared by the Hirt procedure (17), which was modified to allow the contents of one large (100 mm) plastic dish to be processed in microcentrifuge tubes. BMK cells infected with representative plaques as shown in Table 1 were stained by the indirect fluorescent-antibody technique (16) by using rabbit anti-whole virus or anti-disaggregated capsid serum and fluorescein-labeled goat anti-rabbit gamma globulin serum (Cappell Laboratories) (A) Rec 3b infection displaying the cyc phenotype. (B) Rec 3a infection displaying the wild-type phenotype.
the EcoRI and HindIII sites was sequenced by strain (26) , a virus which displays the wild-type the dideoxynucleoside triphosphate technique of phenotype. Thus, it is concluded that the cyc Maat and Smith (21) . The sequence of the 3049 mutation maps in the HindIII-BamHI segment DNA matched exactly that reported for the A2 of 3049 DNA. This portion of the late region contains the coding sequence for most of VP3 and that part of VP2 shared with VP3 and for the amino-terminal portion of VP1 and the 3' end of the VP1 mRNA intron. These details of genetic structure have been reviewed recently by Soeda et al. (26) . It does not contain the late promoters, the 5' ends of the late mRNAs (26) , or the reiterated leader sequences (18) .
Several other polyoma mutations occur in this portion of the late region which also display altered expression of the viral genome. The first, ts3, maps in HpaII fragment 3 (7) and the second, ts59, in HpaII fragment 1 (10) . The ts3 is a D-type mutant, the effect of which can be bypassed by infection with purified DNA (6) , suggesting that there exists a repressor which in ts3 binds irreversibly to the origin of DNA replication at the nonpermissive temperature, thereby interfering with the initiation of DNA synthesis (20) . The HpaII fragment 3 contains the coding sequences for the amino-terminal ends of both VP2 and VP3 (26) . The ts59 mutation leads to reduced late RNA and protein synthesis at the nonpermissive temperature (10) , an effect which is the reverse of that seen in the 3049 mutation. The HpaII fragment 1 contains the coding sequences for the carboxy-terminal ends of VP2 and VP3 and the bulk of the VP1 coding sequences (26) .
Recently, Llopis and Stark (20) have studied several deletion mutants of simian virus 40 which map in the VP2 and VP3 proteins. These mutants display an altered transcriptional activity compared with the wild-type virus when transcriptionally active DNA complexes are isolated under isotonic conditions. They proposed (20) that VP2 or VP3, or both, are regulatory proteins whose function is to modulate late transcription through an attenuation mechanism. At this point, we have no conclusive evidence to distinguish between a transcriptional or posttranscriptional model for the expression of the cyc mutation. Most of our data is compatible with either model. For instance, increased late protein (27) and mRNA (23, 24) levels, and the coordinate step-up in the synthesis of both VP1 and VP3 polypeptides (B. J. Pomerantz and J. D. Hare, unpublished data) are compatible with either mechanism. Blackburn and Hare (2) have shown recently that the number of viral transcription complexes extracted by Sarkosyl is identical in 3049 and wild-type virus infection. Since Sarkosyl extraction strips most proteins except the RNA polymerase from viral chromatin (9), the findings fail to rule out the possibility of an altered transcription-attenuation system in 3049.
Preliminary studies (Pomerantz and Hare, unpublished data) have found no significant difference between 3049 and lpS or lpD in the amount of either total nuclear viral RNA or in large, nuclear viral RNA transcripts. These findings, coupled with the fact that the late promoters do not map in the same region as cyc, comprise the only evidence to date which would be incompatible with a transcriptional initiation mechanism. A mechanism which operates through an altered attenuation of transcription is compatible with the data, however.
We are currently examining native viral transcription complexes to detect possible differences in the activation of transcription in 3049 and wild-type chromatin to evaluate the attenuation model. The availability of two other late mutants which map in the same region promise to provide invaluable insight into the mechanism by which polyoma virus regulates late expression, possibly through the function of two minor late gene products, VP2 and VP3. It is of interest (19) that these proteins are the products of the intron which is removed from the mRNA for the major late protein, VP1, and may be an example of an intron-coded protein which regulates the expression of the protein coded for by the mRNA from which it has been removed. 
